We present results based on timing of the binary millisecond pulsar J1713+0747 for 22 months through February, 1994. We have measured its annual parallax, = (0:9 0:3)mas, as well as its proper motion, = (6:4 1:0)mas yr ?1 . We detect a signature in the timing residuals that is most naturally interpreted as the general relativistic \Shapiro delay;" at the 2 con dence level, we nd the companion mass, m 2 > 0:27M , while the pulsar mass, m 1 > 1:2 M . Upper limits on both masses can only be obtained by imposing additional constraints on the system, such as requiring that general relativity be valid in the strong-eld limit. With a post-t weighted rootmean-square timing residual of approximately 0:4 s, and a characteristic age of roughly 9 10 9 yr, this pulsar is potentially the most stable celestial clock among all known pulsars.
Introduction
The binary pulsar J1713+0747 was discovered in a continuing survey for millisecond pulsars (MSPs) with the 305 m Arecibo radio telescope (Foster, Wolszczan & Camilo 1993) . We have observed the system at 430 and 1400MHz for nearly two years. The pulsar has a small duty-cycle and is a strong source, compared to other MSPs, and is proving to be a stable source, ideal for long-term monitoring. With data acquisition temporarily interrupted due to a major upgrading of the Arecibo telescope, we report in this Letter the current results of our observing program.
The past four years have seen a large increase in the number of known MSPs, as all-sky surveys at various telescopes continue to produce new discoveries (Camilo 1994; Bailes et al. 1994; Lorimer et al. 1994 ). More than 25 such objects are currently known in the disk of the Galaxy. The primary objective of these surveys is to learn more about the population of this distinct subclass of pulsars. Some information, such as whether an object is isolated, or what its orbital period, eccentricity, and approximate companion mass are, can be found with relative ease upon discovery.
Other parameters, such as the object's proper motion Lyne & Lorimer 1994) , distance, and mass of both components of the system (Kaspi, Taylor & Ryba 1994) , can be found only through careful, long-term monitoring of the pulsar, if at all. The true age of the system also falls in the \hard to measure" category: the characteristic age measured via the spindown rate can di er signi cantly from the one in the pulsar's rest-frame, although in principle the biases can be removed in the long-term (Camilo, Thorsett & Kulkarni 1994) . Furthermore, even the intrinsic characteristic age may not correspond to the true age of the system | an independent indicator, such as a cooling white dwarf companion detected optically, provides a welcome, if rare, calibrator (Kulkarni 1986; Danziger, Baade & Della Valle 1993) . A secondary objective of the searches consists of amassing a set of pulsars that display extremely high rotational stability. These pulsars can contribute greatly to issues of reference frame ties, pulsar-based time standards, and the study of cosmological theories that predict the existence of a primordial background of gravitational waves, to mention only a few applications (see, e.g., Kaspi, Taylor & Ryba 1994) .
As we will show, the 0:4 s uncertainty in the measurement of averaged daily times-of-arrival (TOAs) at 1400 MHz from PSR J1713+0747, together with a moderately favorable inclination of its orbital angular momentum vector with respect to the line of sight, i, enable us to extract important information about the issues mentioned above.
Timing Model
Data acquisition was carried out with the Princeton Mark III system (Stinebring et al. 1992 ).
On each day, approximately every two weeks, we obtained roughly ten scans at each frequency, with integrations of 154sec per scan at 430MHz, and 281 sec at 1400 MHz. The square-law detected outputs of 32-channel lterbanks were smoothed with time constants of 100 s (430MHz) and { 3 { 20 s (1400MHz), digitized, and folded modulo the predicted topocentric pulsar period. Start times, traceable to Coordinated Universal Time UTC(NIST) via the Global Positioning System of satellites, were saved for each scan. Pulse pro les were then tted to high signal-to-noise templates, yielding the individual TOAs. At each frequency, TOAs obtained during each day were reduced to an averaged TOA with an estimated uncertainty determined from the scatter of individual measurements. We have taken measurements spanning April, 1992{February, 1994 .
The topocentric TOAs were analyzed with the tempo software package (Taylor & Weisberg 1989) . A multi-parameter t minimized the sum of squared di erences between computed and observed rotational phases of the pulsar, after the TOAs were transformed to the solar system barycenter using the JPL DE200 planetary ephemeris (Standish et al. 1992 ).
Best-t parameters are listed in table 1, and uncertainties represent 1 con dence levels, inclusive of possible systematic e ects (the uncertainties listed are the values obtained from the tting procedure, multiplied by two, as past experience has shown this method to adequately account for any present systematics). For the post-Keplerian parameters r and s, where r = (GM =c 3 )m 2 , and s sin i, the curvature of the projected 2 statistic varies widely near global minimum, leading to asymmetric uncertainty ranges in the two parameters. To estimate both the values and uncertainties of r and s, we followed the procedure used by Ryba & Taylor (1991) , and we show in gure 1 the region in the m 2 -jcos(i)j plane surrounding the absolute minimum of 2 (r; s).
Variations in dispersion measure (DM) a ect timing precision and provide information about the interstellar medium. With a median uncertainty in daily TOAs of about 0:4 s at 1400 MHz, and 5 s at 430 MHz, we are sensitive to relative variations in DM of approximately 3 10 ?4 cm ?3 pc. In practice, because the pulse pro les at our chosen frequencies have substantially di erent morphologies, the accuracy of the absolute measurement of DM is considerably reduced, hence the relatively large uncertainty indicated in table 1. Nevertheless, we remain sensitive to relative variations in DM to a precision of about 3 10 ?4 cm ?3 pc, and the DM of PSR J1713+0747 has remained constant during the span of our observations. Measurements of DM variations for a number of pulsars over a wide range of DMs indicate that their amplitude, DM scales as DM / DM 1=2 (Backer et al. 1993) . As PSR J1713+0747 is a low-DM object, it is not surprising that it does not show DM variations at the present level of accuracy. In the future we plan to add a third frequency to our monitoring program. This will increase our sensitivity to DM variations and enable us to distinguish among various models for frequency-dependent variations in arrival times (Foster & Cordes 1990 ).
Discussion
The results displayed in table 1 and gure 1 provide a wealth of information on PSR J1713+0747. In the following analysis we restrict ourselves to the higher-quality 1400 MHz data. { 4 { Distances to nearby pulsars can in principle be obtained by timing parallax. In practice, with a TOA signature of amplitude of only 1.2 cos =d kpc s, where is the pulsar ecliptic latitude, this has been possible to date only for PSR B1855+09 (Kaspi, Taylor & Ryba 1994) . Our measurement of = (0:9 0:3)mas (table 1) implies a distance d = 1:1 +0:5 ?0:3 kpc for PSR J1713+0747. Using a model for the Galactic distribution of free electrons, we can obtain a second distance estimate from the DM. The model of Taylor & Cordes (1993) predicts a distance of 0.9 kpc, in good agreement with the parallax determination. The uncertainty in the DM-derived distance is thought to be about 25%. Because of PSR J1713+0747's relatively high Galactic latitude of b = 25 , it is extremely unlikely that HI absorption measurements will be successfully performed on this source. For the remainder of the paper we adopt a rounded distance of 1 kpc.
The proper motion of this pulsar (table 1) together with the distance, implies a velocity in the plane of the sky of 30 +20 ?10 km s ?1 . The Galactic position angle of 193 9 (North positive through East) implies that the system is returning to the Galactic plane. Since the pulsar is presumably very old, with a characteristic age, approaching 9 10 9 yr, we cannot make any useful statement as to its place of origin. An object born near the Galactic plane would have decelerated by about 30 km s ?1 in the z-direction to the present height above the disk, if it experienced no other interactions. After accounting for its motion in the radial direction in a probabilistic sense, and the uncertainty in our distance measurement, this object is unlikely to have had an initial space velocity in excess of about 80 km s ?1 ; in any case, while small compared to that of the general population (Lyne & Lorimer 1994), PSR J1713+0747's velocity is perhaps not atypical of that of MSPs .
The observed _ P, displayed in table 1, is corrupted by kinematic terms of which the largest usually amounts to 2 d=c (Camilo, Thorsett & Kulkarni 1994 ). In the case of PSR J1713+0747, however, this correction is not large. With the full correction, increases by only 10% from the measured value, to roughly 9:6 10 9 yr. This is the age against which the optical companion cooling age should be compared.
In gure 2a we display the observed relativistic e ect of the companion's gravitational eld on the propagating signals from the pulsar. The solid curve represents the delay predicted by general relativity for the best-t parameters r and s, according to the expression = ?2r ln (1 ? s cos 2 ( ? 0 )]); (1) where is the orbital phase in cycles and 0 the phase of superior conjunction (Taylor 1992) .
Together with the mass function for a Keplerian orbit, we can in principle obtain the a priori unknowns m 1 , m 2 , and i. In gure 1 we display the 2 -surface in the m 2 -jcos(i)j plane surrounding the absolute minimum. Because i is only moderately favorable (about 70 ), the area enclosed by the contour levels is large | in particular, the projection onto the astrophysically interesting axis, m 2 , is poorly constrained. We plot lines of constant m 1 , and impose the requirement that m 1 < 3 M , in accordance with models assuming that general relativity holds in the strong-eld regime (see Thorsett et al. 1993 , and references therein).
{ 5 {
Although some sti nuclear equations of state support stable neutron stars up to m ns 3 M (Kippenhahn & Weigert 1990) , it is not clear how such massive objects could be formed except possibly through accretion. We take the view that upon formation all neutron stars have gravitational mass m ns < 1:4 M . This assumption is consistent with all observations (Thorsett et al. 1993) . Binary and stellar evolution calculations indicate that for systems like PSR J1713+0747, the neutron star should have mass m ns < 2:0 M , where the equality holds for the extreme case of totally conservative mass transfer during the accretion phase (van den Heuvel & Bitzaraki 1994) .
From gure 1, we nd that 1.2M < m 1 < 2:0 M , and 0.27 M < m 2 < 0:4 M , where the lower limits are at the 2 con dence level, and the upper limits derive from the astrophysical arguments outlined above. Except for the case of PSR B1855+09 (Kaspi, Taylor & Ryba 1994) , with m 1 = 1:50 +0:26 ?0:14 M , all precise neutron star mass measurements are carried out in neutron star{ neutron star systems where we do not expect the masses to di er from their values at formation, due to the small amount of accreted mass. In systems like PSRs B1855+09 and J1713+0747, however, which are thought to have undergone a di erent evolutionary path from the double neutron star systems (Bhattacharya & van den Heuvel 1991) , considerable mass (up to about 0:5 M ) is expected to have accreted onto the neutron star. To the extent that the observations may con ict with the hypothesis of massive neutron stars ( 1:4 M ), other possibilities have to be considered such as, for instance, neutron star formation by accretion induced collapse of a massive white dwarf, or very low accretion e ciency. To estimate the likelihood of obtaining a signi cantly better value of the neutron star mass with continued monitoring of this system, we simulated taking data on this pulsar, by creating fake TOAs comparable to the real ones for a period spanning seven years, once every two weeks. After performing analysis similar to the one performed with the real data set, we found that in such a span of time, our lower limit on the mass of the pulsar always approaches the mass assumed in the simulation, up to m 1 of approximately 2 M . Speci cally, if the actual neutron star mass is greater than 1.4M , we should be able to con rm it. The upper limit always remains uninterestingly large.
Conclusions
The results we have mentioned do not depend explicitly on whether the pulsar displays extreme rotational stability. Rather, they obtain from the fact that PSR J1713+0747 is a relatively bright pulsar, with a narrow pulse, and also because of the fortuitous geometrical arrangement of the orbit with respect to our line of sight.
It is known that interesting information may be obtained about the possible existence of a primordial stochastic background of very low-frequency gravitational waves from the long-term study of the timing residuals of some highly stable MSPs (Kaspi, Taylor & Ryba 1994) . Because PSR J1713+0747's _ P is rather low, and because the long-term rotational instability of pulsars has been shown to be roughly proportional to log _ P (see Arzoumanian et al. 1994 , and references therein) we can reasonably expect a priori that in the long-term this object will be useful for such studies. Such a suggestion is hinted at in the results of a low-resolution spectral analysis of the post-t residuals (see gure 2b, and Foster, Camilo & Wolszczan 1994) .
Continued monitoring of PSR J1713+0747 will hence remain a worthwhile activity for years to come. The expected long-term payo s from radio-pulse timing measurements include (a) improved estimates of the component masses, (b) improved distance measurement, (c) detailed studies of the interstellar medium and, (d) the study of the long-term rotational stability of millisecond pulsars.
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